Introduction
Recently, several studies [1] [2] [3] [4] have been focused on the investigation of hot band annealing as a useful method to improve the magnetic properties of non-oriented electrical steels. For instance, the data of Yashiki and Kaneko 1) shows that the hot band annealing increases magnetic permeability because the intensity of {110} component increases when, at same time, the intensities of {111} and {211} components decrease, an effect often related 5, 6) to larger grain size of hot band.
Samples with hot band grain size on the order of 400 mm show inhomogeneities in the cold rolled and recrystallized state. 4, 7, 8) Microstructural evidence indicates that each grain hardens differently, accumulates a different amount of ingrain shear bands, takes a different time to complete recrystallization, results a different final grain size and produces clusters of grains with similar orientations. 7, 8) The hot band annealing has been mentioned for high Si steels. 2) In the case of low Si steels, the austenite to ferrite (g→a) transformation results in grain refinement. Thus, for low Silicon steels the maximum temperature for hot band annealing should be below Ar 3 (TϷ850°C has been employed 1) ). Including an intermediate annealing in the course of rolling has also been used to change texture and control magnetic properties of electrical steels. The two stage rolling includes a recrystallization step, 9) but partial recrystallization 10) or just recovery has been mentioned.
11)
The objective of the present work is the investigation of the effects of a specific procedure of hot band annealing for low Si steels, aiming at large grain size by recrystallization at low temperatures (ϳ800°C) after light deformation. This procedure has been mentioned by Hou. 3)
Besides presenting a systematic analysis of the effect of hot band grain size on the texture, the present study has the aim of including the effect of an intermediate recovery, during the cold rolling step, and evaluates their consequences on texture.
Experimental
This paper compares texture and microstructure of as deformed and recrystallized steel sheets produced from hot bands of different grain size (22, 125 and 500 mm). These hot bands were cold rolled (ϳ80-90 % reduction) with and without intermediate annealing.
The chemical composition of an experimental alloy with low silicon content is shown in Table 1 . A 30 mm thick plate was hot rolled down to a 3.2 mm thick hot band, resulting in homogeneous grain size of 22Ϯ4 mm.
Grain sizes of 125 and 500 mm at the hot band stage were The effect of hot band grain size on the texture of low silicon steels was investigated. In spite of different hot band grain sizes (22, 125 and 500 mm), the deformation texture is formed by the fibers ͗111͘//ND and ͗110͘//RD. Nevertheless the recrystallization texture is strongly affected. Increasing the hot band grain size, from 22 to 125 mm, the intensity of the Goss component in the recrystallized material increases and {111} components decreases. The further increase to 500 mm does not increase Goss, but increases cube on face component. When the hot band grain size is sufficiently large (ϳ500 mm) the deformed grains tend to recrystallize independently, originating regions (clusters) of grains with same orientation. There is no apparent effect of an intermediate recovery (after deformation eϭ0.7 annealing at 500°C during 1 h) on the deformation or recrystallization textures.
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obtained by slight cold rolling (eϭ0.1 and eϭ0.07, respectively) followed by annealing at 800°C for 3 h.
Intermediate annealing was performed after eϭ0.7. To restrict microstructural change to recovery, annealing was done at 500°C for 1 h. Total deformation amounts to eϭ1.5 and eϭ2.1.
The final annealing was done at 700°C for 5 min in a salt bath. The samples follow the denomination (500 mm/eϭ 2.1) when just cold rolled or (500 mm/eϭ2.1/reX) after final annealing.
The crystallographic texture was evaluated at mid thickness by means of ODFs calculated from X-ray (110), (200), (211) pole figures obtained with Co Ka radiation, under 32 kV, 50 mA in a Philips X-Pert XRD diffractometer equipped with texture goniometer.
Optical microscopy was carried out after Nital 4 % etching, for observation of grain boundaries and evidences of plastic deformation and in a three step etch for producing "etch pits". This etch consists of: immersion during 4 s in a solution with 70 mL of H 2 Oϩ30 mL H 2 O 2 (30 %)ϩ5 drops of HCl, followed of immersion during 3 s in a solution with 70 mL H 2 Oϩ30 mL HCl, completed with a final immersion in Nital 4 % during 10 a 30 s, this one to reveal grain boundaries. Between the steps, the samples were dried in hot air.
Results
The effect of the amount of total deformation and of initial grain size on deformed texture can be seen in Figs. 1 to 3.
In the sample (22 mm/eϭ1.5) (Fig. 1 ) we observe high intensity for the fibers ͗110͘//RD and ͗111͘//ND. There is a spreading around {211} ͗011͘ and {100}͗011͘ (up to {100} ͗023͘). The fiber ͗110͘//RD is incomplete, because there are no components {110}͗110͘. About the fiber ͗111͘//ND, we observe maximum intensity and spreading around {111} ͗011͘
Increasing deformation, sample (22 mm/eϭ2.1) (Fig. 2 ) shows very similar results to those of sample (22 mm/eϭ1.5) except for a small increase of the intensity of fiber ͗110͘//RD near {311}͗011͘.
The increase in grain size, sample (500 mm/eϭ2.1) (Fig.  3 ), lead to similar results as sample (22 mm/eϭ2.1) (Fig. 2) , except a slightly higher intensity for fiber ͗111͘//ND in sample (500 mm/eϭ2.1).
After recrystallization (note: both reX or RECRIST. are used in this text as abbreviation of recrystallized) the samples still present a ͗111͘//ND fiber, but the maximum is now on {111}͗112͘, as can be seen at Fig. 4 to 6. Besides that, sample (22 mm/eϭ1.5/reX) (Fig. 4) shows {032} ͗100͘ that is near to Goss, together with a not very strong {100}͗011͘. We emphasize the low intensity of all those texture components.
In the sample (125 mm/eϭ2.1, reX) ( Fig. 5 ), Goss is present, but with high intensity. We note some scattering Table 1 . Chemical composition of the alloy. around Goss {110}͗001͘ and presence of {310}͗001͘. The results of sample (500 mm/eϭ2.1, reX) ( Fig. 6 ) are similar to those of sample (125 mm/eϭ2.1, reX) (Fig. 5) , with the ͗111͘//ND fiber peaking at {111}͗112͘ and a very intense Goss. The main difference is the appearing of the cube-on-face {100}͗001͘.
The texture of the samples that received the intermediate recovery IR (after eϭ0.7) is presented at the Figs. 7 to 12. The analysis of results has shown that the intermediate recovery IR was not effective for changing deformation texture, nor the recrystallization texture.
The texture of sample (22 mm/eϭ2.1/IR) (Fig. 7) is very similar to that of (22 mm/eϭ2.1) (Fig. 2) . We observe high intensity for the fiber ͗110͘//RD and the fiber ͗111͘//ND. In the case of fiber ͗111͘//ND, the maximum intensity is around {111}͗011͘.
In the same way, the texture of sample (125 mm/eϭ 2.1/IR) (Fig. 8) is very similar to that of sample (22 mm/eϭ 2.1) (Fig. 1 ) and, also, the texture of sample (500 mm/eϭ 2.1/IR) ( Fig. 9 ) is similar to that of sample (500 mm/eϭ2.1) (Fig. 2 ). The sample (22 mm/eϭ2.1/IR, reX) ( Also the texture of sample (500 mm/eϭ2.1/IR, reX) ( Fig.  12) is very similar to the observed for sample (500 mm/eϭ2.1, reX) (Fig. 6) , showing the same components with similar intensities.
ii) Effect of Hot Band Grain Size on the Recrystallization Texture The recrystallization texture is strongly influenced by the hot band grain size.
The fiber {111}͗uvw͘ is always present. High intensity of Goss components occur only for the sample with larger hot band grain size (125 mm and 500 mm).
The Goss intensity increases just slightly when the hot band grain size increases from 125 mm (Figs. 4 and 11 ) to 500 mm (Figs. 5 and 12 ). Thus, we may conclude that the Goss intensity is not directly related to the surface of grain boundaries, because this area is significantly reduced when grain size increases from 125 to 500 mm.
It is noteworthy that the component cube-on-face {100} ͗001͘ appears just for the samples with hot band grain size 500 mm, a result confirmed for both samples with or without intermediate recovery (respectively, Figs. 12 and 5).
Discussion

The Effect of Hot Band Grain Size on Deformed
Structure The results here presented show that there is no substantial effect of hot band grain size on the deformation texture. This deformation texture is formed by ͗111͘//ND and ͗110͘//RD fibers (as often experimentally observed, the fiber ͗110͘//RD is incomplete, because {110}͗110͘ components are missing). We detected a trend of increasing intensity of those fibers when the hot band grain size is large (500 mm), as is inferred from the textures of the samples (500 mm/eϭ2.1) and (500 mm/eϭ2.1/IR) (respectively, Figs. 2 and 9) when compared with those other cold rolled samples (Figs. 1, 3, 7 and 8) . When analysing the microstructure by optical means, evidences of strong strain inhomogeneities were found in the larger grain size samples: some grains showed large number of in-grain shear bands, while others had none. Evidence of grain subdivision were found in the samples with large initial grain sizes: Samples with 5 grains in the thickness of the hot band ended up with 10 to 15 grains in the final 0.5 mm thickness. As it is very difficult to get EBSD analysis from highly deformed samples, etch pit examination showed single oriented pits in each grain, suggesting homogeneous deformation structure inside each grain, as shown in Fig. 13 . It was not possible to find evidence to differentiate between original grain boundaries and grain boundaries from grain subdivision. Due to grain shape change in deformation, even the original grain boundary area increases.
The Effect of Hot Band Grain Size on Recrystallised Texture
The recrystallization texture is strongly influenced by the hot band grain size. Thomson established the relation between large hot band grain size and the enhancement of Goss component in 1969. 6) Hutchinson and coworkers [12] [13] [14] also emphasized that the grain size before cold rolling has an important effect on the recrystallization texture and suggested that the occurrence of heterogeneous deformation such as shear bands (that would favour Goss components) tends to be more prominent for large grain size.
A very important detail is that the total surface of grain boundaries is considerably reduced with the increase of grain size, from 125 to 500 mm. However, the intensities of Goss and fiber {111}͗uvw͘ is very similar in those two cases (see Figs. 5, 6, 11 and 12) . Those data show that the intensity of Goss does not increase continuously with the increase of grain size of hot band (and is not direct a function of grain boundaries area). It seems that, after a given grain size (between 22 and 125 mm, according with the acquired data), the Goss intensity almost does not increase.
Effect of Intermediate Annealing
The results here presented show no apparent effect of intermediate annealing on the final deformed texture, nor in the recrystallized texture. The same texture components are present (Figs. 4 to 6 and 10 to 12), with almost the same intensity. This is quite different from what Shimanaka and coworkers 9) had shown, where an intermediate high temperature anneal could decrease losses and increase permeability in a two stage rolling with 50 % area reduction each. Takashima and co-workers 10) have shown that an intermediate annealing led to a significant change in final texture, but only when the amount of recrystallization was around 50 %, followed by a final deformation with eϭ0.12. Buerger and others 11) indicated that a low temperature annealing, where no recrystallization took place, led to another change in texture. Again the final deformation was also low.
It seems that although various techniques of intermediate anneal may improve magnetic properties, the procedure here used, a low temperature recovery treatment followed by a large amount of deformation and final anneal, is not effective.
Origin of the Recrystallization Texture Compo-
nents Fiber {111}͗uvw͘ and Goss {110}͗001͘ It has been experimentally observed 13, 14) that the Goss component {110}͗001͘ appears after recrystallization of single crystals with orientation {111}͗112͘. But, experiments with single crystals with other orientations did not produce such {111} components. 15) Thus, it has been postulated that grains with orientation {111} would have originated from grain boundaries. 15) However, it should be emphasised that the deformed polycrystalline structure is much different from deformed single crystals. Figures 14 to 16 show the microstructure of deformed samples from hot bands with grain sizes of 22, 125 e 500 mm, where different grains show different amount of in-grain shear bands. Thus, the extrapolation of single crystals results 14, 15) may not be valid for polycrystalline materials, particularly for small grain size.
Nevertheless, it seems there is no better explanation for the appearing of a recrystallization texture consisting of {111}͗uvw͘ fiber and Goss {110}͗001͘ and the above ex- planations 15) remain the most accepted. It is noteworthy to add that Goss components are source of strong magnetic property anisotropy 16, 17) in non-oriented electrical steels and, thus, there is technological interest on the control of the formation of this component during recrystallization.
The Recrystallized Grain Size
The recrystallized structure is considered as the product of primary recrystallization, because grain growth is unlikely at such low temperature and short time (final annealing took place at 700°C, 5 min.). We noted a general trend of decreasing the recrystallized grain size when hot band grain size decreases.
Grain boundaries act as obstacles to dislocation movement. When smaller the grain size, larger the dislocation density. 18) Due to the deformation, the region near grain boundaries tends to present higher density of dislocations. For strong reduction levels, those places near grain boundaries became strongly deformed and with remarkable variations of orientation. 15) The following reasoning can be applied: smaller grain size before deformation develops higher stored energy, higher is the driving force for recrystallization (greater number of recrystallization nuclei) and smaller tends to be the recrystallized grain size.
An additional complication is the effect of crystallographic orientation. Grains with high Taylor factor tends to present higher density of dislocations and resist more against deformation. Thus, orientations with higher Taylor factor may originate smaller grains after recrystallization.
Grain boundaries are favourable places for nuclei (due to heterogeneous nucleation), and thus an increase on the amount of boundaries tend to result in an increase of the amount of nuclei, reducing also the recrystallized grain size. Figure 17 indicates that grain boundaries and in-grain shear bands are preferential sites for nucleation in the sample with hot band grain size of 500 mm, submitted to a short -5 mins-heat treatment at low temperature-580°C. The recrystallization was interrupted, allowing identifying nucleation sites.
Clusters of Recrystallized Grains with the Same
Orientation It was noted that samples with higher hot band grain size (500 mm) present clusters of grains with same orientation 7, 8) after final recrystallization. Those clusters can be easily identified in sections parallel to the surface. It is difficult to observe them in longitudinal sections due to the small thickness of the deformed original grains. The clusters assume lengthened format, elongated in the rolling direction.
Due to plastic deformation the grains lengthen, with the larger dimension parallel to rolling direction. The clusters format suggests that they are occupying the place of the same deformed grain, and each one of those large grains recrystallizes independently.
Only few authors 15, 19) expressed comments about heterogeneities in the recrystallized structure when the grain size previous to recrystallization is very large. Inagaki 15) and Park and coworkers 4) confirm that, when the grain size is too large, the grains tend to recrystallize independently.
Pictures shown in Figs. 18 to 20 reveal the microstructure of sample with hot band grain size of 500 mm, after recrystallization. The data obtained by means of etch-pits was also confirmed by EBSD technique in a SEM. 7) It was noted that clusters with Goss orientation {110} ͗001͘ present small grain size (Fig. 19) . This suggests that the Goss clusters had originated from grains with high Taylor factor, supporting the idea that Goss forms on {111} deformed grains. [12] [13] [14] This has been recently experimentally confirmed when EBSD was employed to study a sample where recrystallization was interrupted. 20) On the other hand, clusters with cube orientation {100} present larger grain size (Fig. 20) . This suggests that cube grains formed from grains with low Taylor factor (maybe the component {100}͗011͘-"rotated cube"), one of the main components of the deformation texture. 19) 
Conclusions
The hot band grain size almost does not affect the deformation texture; nevertheless, the recrystallization texture is strongly influenced by that variable. There is no apparent effect of an intermediate recovery (after deformation eϭ0.7 annealing at 500°C during 1 h) on the deformation or recrystallization textures Increasing hot band grain size from 22 to 125 mm decreases {111} components and increases Goss in the recrystallized state, as it is well known. Further increase to 500 mm does not increase Goss, but increases cube on face component. It also originates clusters of grains with similar orientation, each cluster probably coming from one deformed grain. When the hot band grain size is very large (ϳ500 mm) the deformed grains tend to recrystallize independently, originating regions (clusters) of grains with same orientation.
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